
Plant Molecular Biology 22:301-312,  1993. 
© 1993 Kluwer Academic Publishers. Printed in Belgium. 301 

Identification and expression of a cDNA from Daucus carota encoding a 
bifunctional aspartokinase-homoserine dehydrogenase I 

Jane M. Weisemann and Benjamin F. Matthews* 
United States Department of Agriculture, Agricultural Research Service, Plant Molecular Biology 
Laboratory, Beltsville, MD 20705-2350, USA (*author for correspondence) 

Received 16 November 1992; accepted in revised form 24 February 1993 

Key words: aspartokinase, homoserine dehydrogenase, cDNA, carrot, chloroplast, gene 

Abstract 

Aspartokinase (EC 2.7.2.4) and homoserine dehydrogenase (EC 1.1.1.3) catalyze steps in the pathway 
for the synthesis of lysine, threonine, and methionine from aspartate. Homoserine dehydrogenase was 
purified from carrot (Daucus carota L.) cell cultures and portions of it were subjected to amino acid 
sequencing. Oligonucleotides deduced from the amino acid sequences were used as primers in a poly- 
merase chain reaction to amplify a DNA fragment using DNA derived from carrot cell culture mRNA 
as template. The amplification product was radiolabelled and used as a probe to identify cDNA clones 
from libraries derived from carrot cell culture and root RNA. Two overlapping clones were isolated. 
Together the cDNA clones delineate a 3089 bp long sequence encompassing an open reading frame 
encoding 921 amino acids, including the mature protein and a long chloroplast transit peptide. The 
deduced amino acid sequence has high homology with the Escherichia coli proteins aspartokinase 
I-homoserine dehydrogenase I and aspartokinase II-homoserine dehydrogenase II. Like the E. coli genes 
the isolated carrot cDNA appears to encode a bifunctional aspartokinase-homoserine dehydrogenase 
enzyme. 

Abbreviations: AK, aspartokinase; HSDH, homoserine dehydrogenase; PCR, polymerase chain reaction; 
SDS, sodium dodecyl sulfate 

Introduction 

In plants, the essential amino acids lysine, thre- 
onine, methionine and isoleucine are synthesized 
from aspartate. These amino acids are required in 

the diets of non-ruminant animals, thus, there is 
much interest in increasing the quantity of these 
amino acids in food sources [ 1 ]. The first reaction 
in the pathway, the conversion of aspartate into 
/3-aspartyl phosphate, is catalyzed by the enzyme 

The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Da- 
tabases under the accession number L11529. 
1 The mention of vendor or product does not imply that they are endorsed or recommended by the U.S. Department of Agri- 
culture over vendors of similar products not mentioned. 
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aspartokinase (AK; EC 2.7.2.4). In the second 
reaction of the pathway, fl-aspartyl phosphate is 
converted to aspartate semialdehyde. At this 
point the pathway branches: one branch leads to 
the formation of lysine and the other to the for- 
mation ofthreonine and isoleucine or methionine. 
The first reaction in this second branch is the 
reduction of fl-aspartyl phosphate to homoserine 
by the enzyme homoserine dehydrogenase 
(HSDH; EC 1.1.1.3). These biosynthetic path- 
ways in plants are similar to pathways found in 
bacteria [4, 5]. Many of the bacterial genes that 
code for the enzymes of the aspartate pathway 
have been cloned and sequenced [5]. In contrast 
the only plant gene coding for an enzyme of the 
aspartate pathway which has been isolated is that 
for dihydrodipicolinate synthase, which catalyzes 
the first reaction specific to lysine synthesis [8]. 

In most of the plant species studied multiple 
forms of AK and HSDH have been identified 
in vitro [ 1 ]. These forms are distinguished by their 
sensitivity to feedback inhibition (in particular by 
threonine and lysine) and by their molecular 
weight and subunit composition. From carrot 
(Daucus carota L.) suspension cultures two forms 
of HSDH have been identified in vitro: one sen- 
sitive and one insensitive to threonine inhibition 
[ 13, 21 ]. These two forms can interconvert. Three 
forms of AK have been isolated from carrot: 
form I is strongly inhibited by lysine, form II is 
strongly inhibited by threonine, and form III is 
partially inhibited by both [24]. The relationship 
between these three forms has not yet been de- 
fined. 

The isolation of clones of these genes from 
plants should enable us to answer questions about 
the relationship between various forms of the en- 
zymes, the number of genes involved, and the 
regulation of the pathway. In E. coli there are 
three genes coding for AK and HSDH [4, 5]. 
One, lysC, codes for a lysine-sensitive AK and is 
regulated by lysine. The other two genes code for 
bifunctional AK-HSDH proteins. Expression of 
the thrA gene is repressed by threonine and iso- 
leucine and the enzymatic activity of AKI- 
HSDHI is inhibited by threonine. Expression of 
the metL gene is repressed by methionine, but 

the protein AKII-HSDHII is not responsive 
to end-product inhibition [4, 5]. It is not known 
if the multiple enzyme forms in plants are en- 
coded by separate genes or if these genes are 
subject to transcriptional or translational regula- 
tion. Knowledge gained from the study of the 
aspartate pathway genes may eventually allow 
the engineering of the pathway to alter the amino 
acid pool composition of plants used as protein 
sources. 

Our previous biochemical studies of carrot AK 
and HSDH indicated that these activities resided 
on the same protein molecule as a bifunctional 
enzyme [24]. This paper describes the isolation of 
a carrot cDNA encoding a bifunctional AK- 
HSDH. In fact, this is the first report of a gene 
encoding a bifunctional AK-HSDH protein out- 
side of the Enterobacteriaceae. 

Materials and methods 

General DNA cloning methods 

Plasmid DNA preparation, ligations, restriction 
enzyme digestions, Southern blots, and northern 
blots were done according to standard procedures 
[12]. Plant genomic DNA was extracted by the 
method of Keim et al. [10]. Enzymes were ob- 
tained from either Bethesda Research Laborato- 
ries or Boehringer Mannheim. PCR reagents were 
obtained from Perkin-Elmer Cetus. Oligonucle- 
otides used for PCR were obtained from Synth- 
ecell. 

DNA probes were labelled with [(x-32p] dCTP 
(DuPont-New England Nuclear) using the ran- 
dom oligo priming method [7]. 

DNA sequence determination was done by the 
dideoxy chain termination method using modified 
T7 DNA polymerase (Sequenase 2.0 from United 
States Biochemical Corp.) [20]. 

Construction of a carrot cDNA library 

Total RNA was extracted from two-month old 
carrot roots by the method of Chirgwin et al. [3]. 



Poly(A) + RNA was isolated from total RNA on 
columns of oligo(dT) cellulose [12]. cDNA was 
made from 3/~g poly (A) + RNA using the cDNA 
Synthesis System Plus from Amersham. Eco RI 
adapters were added (Promega 'Riboclone 
Eco RI Adaptor Ligation System') and the cDNA 
was ligated from 2gt l l  arms (Promega) and 
packaged using Stratagene 'Gigapack II Plus' 
packaging extracts. The phage were plated and 
screened following methods described by Mani- 
atis etal. [12]. Approximately 240000 plaques 
were screened using a radiolabeUed PCR product 
as the probe. Plaque lifts were done in duplicate 
onto nitrocellulose filters. Filters were hybridized 
in 50~o formamide, 5 x Denhardt's solution, 5 x 
SSPE(1 x SSPE=0.15 MNaCI,  0.01 M sodium 
phosphate pH 7.4, 0.001 M EDTA), 0.1~o SDS 
and 100 #g/ml denatured salmon sperm DNA at 
42 °C for 18 h. The final wash was with 0.1 x 
SSC (1 x SSC = 0.15 M NaC1, 0.015 M sodium 
citrate), 0.1 ~ SDS at 45 °C for one set of filters 
and 60 °C for the second set. 

A second cDNA library was constructed in the 
same manner, except that poly (A) ÷ RNA from 
carrot cell culture was used and first-strand syn- 
thesis was primed with an oligonucleotide corre- 
sponding to a tryptic peptide from purified carrot 
HSDH [24] (HSDH97: 5 ' -GCT/CTCA/GTAA/  
GAAA/GTAA/GTGNGTA/GTA-3 ' ) .  

DNA and RNA blot analysis 

Genomic DNA was isolated from carrot leaves 
[ 10], digested with restriction enzymes according 
to the manufacturer's instructions, and 10 #g from 
each digestion was separated by electrophoresis 
on a 0.7~o agarose gel and transferred to nitro- 
cellulose by capillary action [22]. The blot was 
probed with the full-length AK-HSDH clone. 
Hybridization was in 25 ~o formamide, 5 x S SPE, 
5 x Denhardt's solution, 0.5~o SDS and 100/~g/ 
ml denatured salmon sperm DNA at 42 °C for 
23 hr. The final wash was in 2 x SSC, 0.1 ~o SDS 
at 42 °C. 

Total RNA was isolated from carrot cell sus- 
pension cultures at different times after inocula- 
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tion and from 2-month old leaves and roots. Total 
RNA (10/~g) from each sample was separated on 
an agarose-formaldehyde-formamide gel and 
transferred to a nitrocellulose membrane. Gels 
were stained with ethidium bromide prior to 
transfer to confirm that equal quantities of RNA 
were loaded in each lane and that transfer to ni- 
trocellulose was complete. The blot was hybrid- 
ized with a 32p-labelled 300 bp Eco RI-Hinc II 
fragment from the 5' end of the clone. Hybrid- 
ization was in 50~o formamide, 5 x SSPE, 5 x 
Denhardt's solution, 0.5~o SDS and 100 ~g/ml 
denatured salmon sperm DNA at 42 °C for 18 h 
and washed as described above at 42 ° C. 

PCR amplification of a carrot cDNA encoding AK- 
HSDH 

Protein with HSDH activity was purified from 
carrot cell suspension cultures [ 13, 24]. The pu- 
rified protein was subjected to proteolysis, the 
polypeptides were separated by HPLC, and the 
amino acid sequences of four polypeptides were 
determined [24]. The locations of these polypep- 
tides are presented in Fig. 1. Based on the amino 
acid sequence of two of these polypeptides, the 
following degenerate oligonucleotides were syn- 
thesized: 

Oligo H S D H  76: 5'-TAT/C CAA/G GAA/G 
GCN TGG GAA/G ATG-3' 

(Peptide 76: NH2-Y Q E A W E M) 
Oligo H S D H  97: 5 ' -GC T/CTC A/GTA 

A/GAA A/GTA A/GTG NGT A/GTA-3' 
(Peptide 97: A E Y F Y H T Y-NH2). 
These oligonucleotides were used as primers 

for PCR amplification of carrot cDNA. Both 
double-stranded cDNA made from carrot root 
poly(A) + RNA and first-strand cDNA made 
from carrot cell culture poly(A) + RNA served as 
templates. When the amplification was carried 
out at an annealing temperature of 52 ° C, using 
either template, we obtained predominantly a 
1100 bp product (data not shown). The 579 bp 
Eco RI-Hind III fragment from the PCR product 
was subcloned into vectors M13mpl8 and mpl9  
and the DNA sequence was determined. 
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1 60 
GTCGCTCTCTTCCGCCATATCTCCGTCATCTTATGCCGCCATCGCCGCCGCTTACTCTGC 
S L S S A I S P S S Y A A I A A A Y S A 

61 120 
ACGGACTCCCATTTTCAACAAGAAAAAGACGGCGGCGGTTCTCTCTCCCCTCTCTCTTTT 
R T P I F N K K K T A A V L S P L S L F 

121 180 
CCATCAGTCTCCCTCTCTCTCCAAAACAGGTATATTTTTGCATCGGGGAAGAAAGGAGTC 
H Q S P S L S K T G I F L H R G R K E S 

181 240 
GTCGTCGAAGTTTTACATTGCTGCTTCCGTTACAACTGCAGTTCCTTCTCTCGATGACTC 
S S K F Y I A A S V T T A V P S L D D S 

241 300 
CGTTGAGAAGGTTCACCTTCCCAGGGGTGCTATGTGGTCTATTCATAAATTTGGAGGCAC 
V E K V H L P R G A M W S I H K F G G T 

301 360 
CTGTGTGGGAAGCTCTGAAAGGATCCGAAATGTTGCAGAGATAGTTGTGGAGGATGATTC 
C V G S S E R I R N V A E I V V E D D S 

361 420 
TGAAAGAAAGCTAGTTGTAGTCTCTGCAATGTCAAAGGTCACAGATATGATGTATGATCT 
E R K L V V V S A M S K V T D M M Y D L 

421 480 
AATTTACAAGGCGCAGTCACGGGATGATTCTTATGAATCTGCGCTCGATGCTGTTATGGA 
I Y K A Q S R D D S Y E S A L D A V M E 

481 540 
AAAGCACAAGTTAACAGCATTTGATCT CCTTGATGAAGATGACCTTGCTAGATTTTTAAC 
K H K L T A F D L L D E D D L A R F L T 

541 600 
TAGGCTGCAACATGATGTTATTACCCTCAAAGCAATGCTTCGTGCAATATACATAGCTGG 
R L Q H D V I T L K A M L R A I Y I A G 

601 660 
TCATGCCACCGAATCTTTTTCGGATTTTGTTGTGGGACATGGAGAGCTATGGTCAGCTCA 
H A T E S F S D F V V G H G E L W S A Q 

661 720 
GCTGTTGTCATTTGTAATAAGAAAGAATGGGGGTGACTGTAATTGGATGGACACACGAGA 
L L S F V I R K N G G D C N W M D T R D 

721 780 
TGTTCTTGTTGTAAATCCTGCTGGATCTAATCAAGTCGATCCTGATTATTTGGAATCTGA 
V L V V N P A G S N Q V D P D Y L E S E 

781 840 
G~GAGACTTGAGAAATGGTTCTCCAGCAACCAGTGTCAGACAA~G~GCGACAGGTTT 
K R L E K W F S S N Q C Q T I V A T G F 

841 900 
TATAGCTAGCACGCCTCAAAATATACCTACAACTTTGAAAAGAGAC~GTGACTTTTC 
I A S T P Q N I P T T L K R D G S D F S  

901 960 
TGCCGCTAT~TGGGTG~TTATT~GGGCT~TCAAGT~CGATTT~ACTGATG~ 
A A I M G A L L R A G Q V T I W T D V N  

961 1020 
TGGTGTATATAGTGCAGATCCTCGAAAAG~AGTGAGG~GTGGTATTAAAGACATTGTC 
G V Y S A D P R K V S E A V V L K T L S  

PeP 76 T L S 

1021 1080 
TTATC~G~GC~GAGATGT~TAT~TGGGGCT~TGTGTTACATCCCCGTACTAT 
Y Q E A W E M S Y F G A N V L H P R T I  
Y Q E A W E M S Y F G A N V L H P R  

1081 1140 
CAATCCTGTGATGCGATATGA~TTCC~TTGT~T~GAAATATA~CAACCTATCTGC 
N P V M R Y D I P I V I R N I F N L S A  

1141 1200 
TCCGGG~C~ATATGCCGAG~TCTGTA~CGAAACTG~GATGGGTTAAAATTGGA 
P G T M I C R E S V G E T E D G L K L E  

1201 1260 
AT~CATGTCAAAGGATTTGCTACTATTGAT~TCTGGCG~CATT~TGTTG~GG~C 
S H V K G F A T I D N L A L I N V E G T  

PeD90G F A T I D N L A L I N V E G T 



1261 1261 
TGG~TGGCTGGTG~CCTGGTACAGCTACTGC~TTTTTGGTGCTGTCAAGGATGTGGG 
G M A G V P G T A T A I F G A V K D V G  
S M A G V P G T A T A I F [S] A V (K) 

1321 1380 
AGCT~TGTTAT~TGATATCTCAGGCTAGCAGTGAGCATTCTATTTGCTTTGCTGTGCC 
A N V I M I S Q A S S E H S I C F A V P  

1381 1440 
TGAGAGTG~GTGAAAGCTGTTGCTAAAGCTTTGGAGGCCAGATTTCGTC~GCT~AGA 
E S E V K A V A K A L E A R F R Q A L D  

1441 1500 
TGCTGGTCGTCTTTCCCAGGTTGCT~T~TCCAAA~GTAGCATCTTGGC~CAGTTGG 
A G R L S Q V A N N P N C S I L A T V G  

1501 1560 
CCAAAAGATGGC~GTA~CCTGGCGTGAGTGCTACACTTTTC~TGCGCTTGCAAAGGC 
Q K M A S T P G V S A T L F N A L A K A  

1561 1620 
CAATATAAACGTTCGTGCTATAGCCCAGGGCTGTACAGAGTAT~TATCACTGTAGTTCT 
N I N V R A I A Q G C T E Y N I T V V L  

1621 1680 
CAGTCGAG~GATTGTGTGAGGGCTTTGAAAGCTGTCCATTC~GA~TTATCTGTCGAG 
S R E D C V R A L K A V H S R F Y L S R  

1681 1740 
~CCAC~TAGCAGTGGGTATTGTCGGACCTGGATT~TCGGAGCTACTTTACTTGAC~ 
T T I A V G I V G P G L I G A T L L D Q  

1741 1800 
GCT~GGGATCAGGCAGCAATC~C~AAAATT~AAAA~GAT~GCGTGTTATGGG 
L R D Q A A I L K E N S K I D L R V M G  

1801 1860 
TAT~CCGGATCGAG~C~TGCTTCTGAGCGAAACGGG~TCGATTT~GTAGATGGAG 
I T G S R T M L L S E T G I D L S R W R  

1861 1920 
AG~GTC~GAGAAAGGGCAAACAGCTGGCCTAGAAAAATTTGTAC~CATGTGCG 
E V Q E E K G Q T A G L E K F V Q H V R  

1921 1980 
TGGAAAT~TTTTATTCCAAGCACTGTTATAGTAGATTGTACAGCAGACTCTG~GTGGC 
G N H F I P S T V I V D C T A D S E V A  

1981 2040 
~GTCACTACCATGACTGGTTGTGTAGGGG~TTCACGTCATTACCCCAAAT~G~GGC 
S H Y H D W L C R G I H V I T P N K K A  

2041 2100 
AAATTCAGGACCCCTTGAT~GTATTTG~GTTGAGAGCTCTCCAGCGGCGATCCTATAC 
N S G P L D Q Y L E L R A L Q R R S Y T  

Pep 97 S Y T 

2101 2160 
ACACTATTTCTATG~GCTACTGTTGTTGCTGGTCTCCCGATCAT~CCACTTTGCAGGG 
H Y F Y E A T V V A G L P I I T T L Q G  
H Y F Y E A T V V A G L P I I T T L Q G  

2161 2220 
ACTTCTTGAAACCGGGGAC~GATATTGCG~TTG~GGCAT~TCAGTGGGACTCTTAG 
L L E T G D K I L R I E G I F S G T L S  
L L E T G D  

2221 2280 
TTACATATTCAAC~CTTT~GAGTAC~CACCTT~AGTG~GTGGT~GTGA~CAAA 
Y I F N N F E S T T P F S E V V S E A K  

2281 2340 
AGCGGCAG~TATACTG~C~GATCC~GGGATGATCTAGCCGG~CTGATG~GCTAG 
A A G Y T E P D P R D D L A G T D V A R  

2341 2400 
AAAGGT~T~TTCTTGCTAGA~ATCTGGATTAAAGCTCG~GT~GATATCCCTGT 
K V I I L A R G S G L K L E L S D I P V  

2401 2460 
ACAGAGCCTTGTTCCAG~C~CT~GGTATTGCGTCAGCCG~G~TTTCTGCTACA 
Q S L V P E P L R G I A S A E E F L L Q  

305 
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2461 2520 
GCTAC~CAGTTTGATTCAGATATGACCAGAAAACGAGAGGATGCTGAAAATG~GGGGA 
L P Q F D S D M T R K R E D A E N A G E  

2521 2580 
AGTTCT~GGTACG~GGTGGTGGATGCCGTAAATCAAAAAGGTGTTGTTG~TTG~ 
V L R Y V G V V D A V N Q K G V V E L K 

2581 2640 
~GATAC~GAAAGAGCACCCGTTCGCACAGCT~CTGGGTCCGAT~CATCAATGCTTT 
R Y K K E H P F A Q L S G S D N I N A F  

2641 2700 
~C~GAAAGATACAAC~GC~CCTCCTAT~TTCGAGGTCCTGGTGCTGGGG~GA 
T T E R Y N K Q P P I I R G P G A G A E  

2701 2760 
~TGACAGCTGGTGGAGTATTCAGTGATATTTTGC~CTTGCTT~TATCTTGGTGCACC 
V T A G G V F S D I L R L A S Y L G A P  

Pep33 L A S Y L G S P 

2761 2820 
AT~T~TCCATTAGTTGAGCTCTCAATGTTTTACCCTTTGTCAGCCCAAATTATGTTAT 
S* 
S 

2821 2880 
AG~TTTAGGGAGCTTTTGCCTATTATTAGGTTAGTATCAAAACATTCTTCTACGCTGCA 

2881 2940 
T~GAG~CTT~TGCAATTTGGGTTTCT~AGTGGC~TCTAGCC~CCCAAATGTG 

2941 3000 
TCATAGTCTC~CGATGCAGAGTTGATAG~TTG~AC~GGGGATGTATTATAG~CCA 

3001 3060 
AGCC~TTAAACGGTGTATCCTTATTTGGT~GGGAT~CGTATT~T~TGCCAAAGTG 

3061 3089 
TTGT~TCTTTTGTTGCG~TAAATTT 

Fig. 1. DNA sequence of c~ro t  of the AK-HSDH cDNA clone ~ d  the deduced amino acid sequence. Also shown ~ e  the po- 
sitions of ~ e  pepfides whose amino acid sequences were determined. 

Isolation of  2gtl 1 carrot cDNA clones for HSDH 

The 1100 bp PCR-amplified DNA fragment was 
used to screen a carrot cDNA library. The library 
was constructed in the vector 2gt l l  and con- 
tained cDNA from carrot root poly(A) + RNA. 
From approximately 250 000 plaques four clones 
were obtained. All of the clones displayed simi- 
lar restriction digestion patterns and appeared to 
differ from one another only in length. The com- 
plete DNA sequence of the longest clone, 
HSDH 1, was determined. The clone was 2079 bp 
long and had one long open reading frame start- 
ing at bp 1 and reading through bp 1755 for a 
total of 585 codons. 

Clone HSDH1 had no apparent translation 
start site. RNA blot analysis using the H S D H  
PCR product as a probe identified a 3000 nucle- 
otide transcript as the main hybridizing band (not 

shown). The open reading frame in the clone was 
not sufficient to code for a protein of 85 + 5 kDa 
(the subunit size of the purified carrot enzyme 
[13]). These facts indicated that clone HSDH1 
was lacking ca. 1000 bp at the 5' end. 

Isolation of 2gtl 1 carrot cDNA clones for the 5' end 
of the HSDH gene 

In order to enhance the probability of finding 
H S D H  clones with a complete 5' end, we con- 
structed a second cDNA library using oligonu- 
cleotide HSDH97 to prime first-strand synthesis. 
Poly (A) + RNA was isolated from carrot cell 
suspension cultures. The cDNA was cloned as 
above into the vector 2gtl 1. 350 000 plaques were 
screened and 14 positive clones were analyzed. 
Three of these contained inserts that extended 



beyond the 5' end of HSDH1. The longest of 
these clones, HSDH97-12, was 1009 bp longer at 
the 5' end than HSDH1. 

DNA sequence analysis and comparison to other 
genes coding for HSDH and AK 

The DNA sequence was determined for the total 
length of clones HSDH1 and HSDH97-12 and 
for parts of other clones. Figure 1 shows the 
3089 bp DNA sequence of the combined H SDH 1 
and HSDH97-12 clones and the deduced amino 
acid sequence for the open reading frame from 
bp 2 through bp 2764. The sequences of four 
tryptic peptides from the purified carrot HSDH 
had been determined [24]. These were compared 
to the deduced amino acid sequence from the 
cDNA clone. Only one amino acid residue out of 
92 did not match ([S] in peptide 90) and this 
residue was ambiguous in the peptide sequence. 

The amino-terminal sequence for carrot 
HSDH could not be determined from the purified 
protein. The sequence of the cDNA clone shows 
a possible translation start site (ATG) at bp 272. 
If translation were to start at this site, the result- 
ing 831 amino acid protein would have a molec- 
ular weight of 90 679 Da, which is in the expected 
size range. 

The deduced amino acid sequence of the car- 
rot HSDH clone was compared to bacterial and 
fungal HSDH and AK proteins for which there 
is sequence information available (Table 1). The 
strongest homology was to the bifunctional E. coli 
AKI-HSDHI encoded by the thrA gene (Fig. 2). 
E. coli AKI-HSDHI is 820 amino acids long and 
can be divided into three general regions. Ca. 248 
amino acids at the amino-terminus constitute the 
AK functional domain; about 359 residues (471- 
820) at the carboxy-terminus constitute the 
HSDH domain, and residues from about 249 to 
470 make up a central interface domain. AKII- 
HSDHII has a similar structure [4, 5]. Proteins 
with only AK function (E. coli AKIII, Bacillus 
subtilis AKII, yeast AK) have homology to amino 
acids 1 through about 500 of AKI-HSDHI. Pro- 
teins with only HSDH function (B. subtilis 
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Table 1. Homology between carrot AK-HSDH and AK and 
H S D H  proteins from other organisms. Comparisons of the 
carrot AK-HSDK to the three enzymes from E. coli, to the 
AK of Bacillus subtilis, and to the HSDH from Corynebacte- 
rium glutamicum were made using the GAP program of the 
University of Wisconsin Genetics Computer Group. The 
comparisons to the B. subtilis HSDH and Saccharornyces cer- 
evisiae AK were based on published alignments between these 
proteins and the E. coli proteins [16, 17]. 

Identity Homology 1 Total 
(%) (%) identity+ 

homology 
(%) 

E. coli AKI-HSDHI  38 10 48 
Amino acids 91-3852 30 9 39 
Amino acids 386-567 40 9 49 
Amino acids 568-921 40 10 50 

E. coIi AKII-HSDHII  33 9 42 
Amino acids 91-385 32 7 39 
Amino acids 386-567 19 9 28 
Amino acids 568-921 38 10 48 

E. coli AKIII 28 12 40 
(Amino acids 91-385) 

B. subtilis AKII 33 9 
(Amino acids 91-558) 

B. subtilis HSDH 
(Amino acids 91-921) 

42 

22 8 30 

C. glutamicum HSDH 25 11 36 
(Amino acids 547-921) 

S. cerevisiae AK 19 8 27 
(Amino acids 91-463) 

Amino acid replacements: lle-Val-Leu, Ser-Thr, Lys-Arg, 
Phe-Tyr, Glu-Asp. 

2 Amino acid residue numbers refer to the amino acids of the 
carrot protein as shown in Fig. 2. 

HSDH, Corynebacterium glutamicum HSDH) 
have homology beginning at about amino acid 
500 and extending through the carboxy terminus 
of AKI-HSDHI. There is homology between the 
carrot HSDH and E. coli AKI-HSDHI along the 
full length of the proteins, although it is strongest 
in the HSDH domain and the interface domain. 
The homology with AKII-HSDHII is at a simi- 
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Carrot 1 SLSSAISPSSYAAIAAAYSARTPIFNKKKTAAVLSPLSLFHQSPSLSKTG 50 

51 IFLHRGRKESSSKFYIAASVTTAVPSLDDSVEKVHLPRGAMWSIHKFGGT 100 

I: : IIIII 
ThrA 1 ........................................ MR. VLKFGGT 9 

***** 

101 CVGSSERIRNVAEIVVE;DSERKL. VVVSAMSKVTDMMYDLIYKAQSIDD 149 

i0 SLANAERFLRVADILESNARQGQVATVLSAPAKITNHLVAMIEKTISGQD 59 

150 SYESALDAVME.E~KLTAFDLLDED.DLARFLTRLQHDVITLKAMLRAIY 197 

60 ALPNISDAERIFAELLTGLAAAQPGFPLAQLKTFVDQEFAQIKHVLHGIS 109 

~ I~G~T~G.GE'&~Q'~I~C~V'~ 24~ 
: I:..:I:.. ::.:II I .::. I: .I ::I I::I. 

ii0 LLGQCPDSINAALICRGEKMSIAIMAGVLEARG ........ HNVTVIDPV 151 

248 GSNQVDPDYLESEKRLE..[KWFSSNQCQT...IVATGFIASTPQNIPTT 291 

: .... IIII. :- ::: ....... :" .II.:: ...... 
152 EKLLAVGHYLESTVDIAESTRRIAASRIPADHMVLMAGFTAGNEKGELW 201 

292 LKRDGSDFSAAIMGALLRAGQVTIWTDVN;VYSADPRKVSEAVVLKTLSY 341 

I I:',II:II'",- "..I II',: .-IIIIIIIII.-III.I.:I :II.:II 
202 LGRNGSDYSAAVLAACLRADCCEIWTDVNGVYTCDPRQVPDARLLKSMSY 251 

* * * ** *** * 

342 QEAWEMSYFGANVLHPRTINPVMRYDIPIVIRNIFNLSAPGTMICRESVG 391 

252 QEAMELSYFGAKVLHPRTITPIAQFQIPCLIKNTGNPQAPGTLI...GAS 298 

392 ETEDGLKLESHVKGFATIDNLALINVEGT;MAGVPGTATAIFGAVKDVGA 441 

.,,"-'I -',II:..::I.,-." -'" I.I.II I:-I I- :I:I:- - 
299 RDEDEL .... PVKGISNLNNMAMFSVSGPGMKGMVGMAARVFAAMSRARI 344 

442 ~IMISQASS~SlCFAVP~S~V~QA'.DIG~SQV~9 491 
• :::I-I.:II.II-'I.II''.," .... :I: • I ":--I I-.:: .. 

345 SVVLITQSSSEYSISFCVPQSDCVRAERAMLEEFYLELKEGLLEPLAVAE 394 

492 NCSILATVGQKMASTPGVSATLFNALAKANINVRAIAQGCTEYNITVVLS 541 

• -I:..I',: : - -I:II.:I-III:I'",, ",. ::',lJ:-I -I.II:. 
395 RLAIISVVGDGLRTLRGISAKFFAALARA/~INIVAIAQGSSERSISVVVN 444 

542 REDCVRALKAVHSRFYLSRTTIAVGIVGPGLIGATLLDQLRDQAAILKEN 591 

445 NDDATTGVRVTHQMLFNTDQVIEVFVIGVGGVGGALLEQLKRQQSWLK.N 493 
o o o o 

592 SKIDLRVMGITGSRTMLLSETGIDLSRWREVQKEKGQTAGLEKFVQHVRG 641 

• .lllll I:.-I:.'I • I-.,-'" .' l-I " :. .,.".'::- ",-'- 
494 KHIDLRVCGVANSKALLTNVHGLNLENWQEELAQAKEPFNLGRLIRLVKE 543 

642 NHFIPSTVIVDCTADSEVASHYHDWLCRGIHVITPNKKANSGPLDQYLKL 691 
I:: ..III:I',...II.:I I:I I:II:IIIIIII.:.:I I -I 

544 YHLL.NPVIVNCTSSQAVADQYADFLREGFHVVTPNKKANTSSMDYYHQL 592 
O O CO 

692 rRALQRRSYTHYFYEATrVVIAGLIPIITTI~IGLL.ETGDKI.I~.!EGI.FSGTL?% 741 

593 RYAAEKSRRKFLYDI~GAG~'PVI~NT'~AGDE~FSGILSGST'SY 642 
0 0 0 O0 0 

742 IFNNFKSTTPFSEVVSEA~AGYTEPDPRDDLAGTDVARKVIILARGSGL 791 

II--: .... III--. I:- I",,',IIIIIII-I IIIII::IIII:-I 
643 IFGKLDEGMSFSEATRLAREMGYTEPDPRDDLSGMDVARKLLILARETGR 692 

o o o oo o o o o ooo 

792 KLELSDIPVQSLVPEPLRGIASAEEFLLQLPQFDSDMTRKREDAENAGEV 841 
• III.II.::---,.'" .' :.: : .... I: .I.I:I. :- : --I :.I.I 

693 ELELADIEIEPVLPAEFNAEGDVAAF~LSQLDDLFAARVAF~ARDEGKV 742 

842 LRYVGVVDAVNQKGVVELKRYKKEHPFAQLSGSDNINAFTTERYNKQPPI 891 

IIIII :I. :. • I.: • :-I: .:..::I II -- I.. I : 
743 LRYVGNIDE.DGVCRVKIAEVDGNDPLFKVKNGENALAFYSHYYQPLPLV 791 

O O 

892 IRGPGAGAEVTAGGVFSDILRLASY.LGAPS 921 
:II III.:III:III.',:II I: I',. 

792 LRGYGAGND~GVFADLLRTLSWq~LGV*. 821 
o ooo oo o 
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lar level, except in the interface region, where it is 
reduced. 

All AK amino acid sequences analyzed have 
the sequence K F G G T  near the amino-terminus. 
This includes the yeast and B. subtilis AKs, E. coli 
AKIII, and E. coli AKI-HSDHI.  (E. coli AKII- 
HSDHII  has the variation KFGGS).  The de- 
duced amino acid sequence of the carrot H S D H  
clone also has this sequence. Another highly con- 
served region contains the GIy-X-GIy-X-X-GIy 
motif which is presumed to be part of the NADH/  
NADPH binding domain of H S D H  [16]. This is 
found in the carrot sequence at amino acids 570- 
575 as numbered in Fig. 2. 

DNA and RNA blot analysis 

All the carrot cDNA clones isolated appeared to 
represent the same gene. However, it was possi- 
ble that there were additional genes for AK or 
HSDH.  To test for the existence of other related 
mRNAs we probed total carrot RNA with the 
AK-HSDH clone (Fig. 3). Northern blots showed 
predominantly a message of about 3000 nucle- 
otides. Very minor bands were also seen at about 
1500 and 1250 nucleotides. It has not been de- 
termined if these are breakdown products of the 
larger RNA or if they represent second messages. 
Although Fig. 3 shows a blot probed with a 300 bp 
fragment from the 5' end of the clone, a similar 
pattern was seen when the full-length cDNA was 
used. Little change was seen in signal levels from 
samples taken at intervals from one to seven days 
of cell suspension culture growth. On the other 
hand there was a large difference between the 
levels observed in root and leaf samples from 
two-month-old plants; root signal levels were 
about the same as those of cell culture samples, 
whereas leaf levels were much reduced. These 

Fig. 3. Northern blot of carrot RNA probed with the AK- 
HSDH clone. Autoradiograph of RNA expression. Total 
RNA was isolated from carrot cell suspension cultures and 
10/~g was loaded in each lane (lane 1, 1 day after transfer; 
lane 2, 3 days; lane 3, 5 days; lane 4, 7 days); 2-month old 
leaves (lane 5); and 2-month old roots (lane 6) of total RNA 
from each sample was separated on an agarose-formaldehyde- 
formamide gel and transferred to nitrocellulose membrane. 
The blot was hybridized with a 32p-labelled 300 bp Eco RI- 
Hinc II fragment from the 5' end of the clone. 

mRNA levels corresponded with previously ob- 
served enzyme activity levels [14]. 

Genomic carrot DNA was also probed with 
the AK-HSDH clone (Fig. 4). DNA was digested 
with several restriction endonucleases. Blots were 
probed at low stringency and washed at both low 
and high temperatures. All the blots revealed fairly 
simple banding patterns, indicating a low number 
of hybridizing sequences in the genome. The large 
size of the fragments may indicate the presence of 
introns as are present in a soybean genomic clone 
(Gebhardt and Matthews, unpublished). Soybean 
genomic blots probed with the carrot H S D H  
clone showed a much more complex pattern (not 
shown). If there existed related, but only partially 
homologous, sequences in the carrot genome, 
higher wash temperatures should have resulted in 
the elimination of the bands for these sequences. 

Fig. 2. Comparison of carrot AK-HSDH and E. coli AKI-HSDHI.  The deduced amino acid sequence of the carrot H S D H  was 
compared to the E. coli AKI-HSDHI  using the GAP program of the University of Wisconsin Genetics Computer Group. Verti- 
cal lines indicate identical amino acids; dots indicate amino acids encoded by similar codons (double dot: codons differing in one 
nucleotide; single dots: codons differing in two nucleotides). An asterisk (*) under a pair of amino acids indicates identities shared 
by carrot AK-HSDH,  the three E. coli proteins, B. subtilis AKII and yeast AK, a circle (o) indicates identities shared by the carrot 
protein, E. coli HSDHI  and HSDHII ,  B. subtilis HSDH and C. glutamicum HSDH. 
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Fig. 4. Southern blot of carrot genomic DNA probed with the 
AK-H S DH cDNA clone. Carrot leaf DNA was digested with 
the indicated restriction enzymes, run on an agarose gel and 
blotted to nitrocellulose membrane. The blot was probed with 
the full-length AK-HSDH clone. 

This was not the case, however, as higher wash 
temperatures simply reduced the intensity of all 
bands (not shown). 

Discussion 

We have isolated a cDNA clone from carrot that 
encodes a bifunctional AK-HSDH protein. Two 
lines of evidence for the bifunctional nature are 
(1) the strong amino acid homology of the carrot 
to the two bifunctional E. coli proteins, AKI- 
HSDHI  and AKII-HSDHII;  (2) the carrot pro- 
tein (from which the PCR primers were designed) 
has both AK and HSDH function [24]. There 
have been no previous reports of a bifunctional 
AK-HSDH protein in plants. Furthermore, in 
yeast and in bacterial systems other than E. coli, 
the two enzymes have only been found to exist as 
separate proteins. Since this is the first AK or 

HSDH clone isolated from a plant, it is not known 
if such fused genes are common in plants. How- 
ever, we have recently isolated a partial cDNA 
clone from soybean that has approximately 80 ~o 
identity with the carrot clone and also appears to 
encode both AK and HSDH (unpublished). 

Although the cDNA clone has a potential start 
site for translation, it is doubtful that this is the 
actual start. H S D H  and AK have been shown to 
be localized in the chloroplasts of several plant 
species [2, 11, 15, 19, 23] and are likely to be 
located in the chloroplast of carrot. It follows that 
the carrot AK-HSDH probably has a chloroplast 
transit peptide at the amino terminus, since all 
known proteins transported into the chloroplast 
have been found to possess transit peptides [9]. 
The reading frame of the clone is continuous from 
the second base pair through the conserved 
KFGGT sequence which is found near the 
amino-terminus of all AK proteins. The 75-80 
amino acids encoded by the 5' end of the clone 
have the character of chloroplast transit peptides: 
the string is rich in serine, threonine, and small 
hydrophobic amino acids [9]. The sequence of 
the amino-terminus of the purified HSDH could 
not be determined and no precursor with a transit 
peptide has been identified. Further information 
is needed to resolve this question. 

The deduced amino acid sequence of the car- 
rot AK-HSDH shows homology to bacterial AK 
and H S D H  proteins and to yeast AK. The most 
striking homology is to E. coli AKI-HSDHI.  The 
overall homology between the carrot H S D H  and 
E. coli AKI-HSDHI (48~o) is higher than that 
between the two E. coli AK-HSDH proteins 
(46~o) [9]. It has been proposed that AKI- 
HSDHI  consists of three domains: an amino- 
terminal domain with AK activity (amino acids 1 
to ca. 248), a carboxy-terminal domain with 
H S D H  activity (amino acids 471 through 820), 
and an interface domain (amino acids 249-470) 
[4, 5]. The regions of the carrot protein that are 
most similar to AKI-HSDHI are the interface 
and the HSDH domains. In contrast, the homol- 
ogy between the carrot protein and E. coli AKII- 
HSDHII  is lowest in the interface region. The 
homology in the other regions is only slightly lower 



for AKII-HSDHII  than for AKI-HSDHI.  Both 
the carrot enzyme and AKI-HSDHI  are regu- 
lated by threonine, whereas AKII-HSDHII  is not 
[5, 14]. The higher homology between the two 
proteins may be related to this regulation. 

In order to understand the regulation of these 
genes and the enzyme activities we need to know 
the number of genes and the number of distinct 
forms of the enzymes that exist. Studies on the 
H S D H  enzyme of carrot indicate that there is 
only one H S D H  protein, but this protein has dif- 
ferent subunit structure and different regulatory 
properties in vitro depending on solution condi- 
tions [13]. Studies on the AK function have 
shown three forms of enzyme which differ in their 
sensitivity to lysine and threonine [24]. Some of 
these forms appear to interconvert. There is no 
conclusive evidence yet as to whether all the forms 
of carrot AK and H S D H  are separate proteins or 
if they are forms of the same protein. DNA blots 
probed with the carrot cDNA indicated a low 
number of hybridizing sequences in the genome. 
RNA blots showed predominantly one band of 
about 3000 nucleotides. In contrast to the carrot 
results, experiments with a soybean clone show a 
much more complex pattern of DNA and RNA 
hybridization (data not shown). It is possible that 
carrot has only the one AK-HSDH which has 
both functions and is regulated both by threonine 
and lysine. 

In most bacterial genera separate proteins are 
responsible for AK and H S D H  functions [6, 18]. 
In these systems there is usually one AK which 
is regulated by concerted feedback by several end 
products, most often threonine and lysine. E. coli 
presents a different scheme in two ways: it has 
multifunctional AK-HSDH proteins and there is 
a separate AK for each end product (lysine, thre- 
onine, and methionine). Thus far we have iden- 
tified a single multifunctional AK-HSDH in car- 
rot. If this is the only AK or H S D H  in carrot, it 
would represent a system that combines aspects 
of the various bacterial systems. It should be in- 
teresting to compare AK and H S D H  genes from 
other plants and from blue-green algae to the 
known genes of carrot and bacteria. 
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